Abstract-Some sensitive devices located upon substations may be interfered by the magnetic field caused by the transformers, cables and buses. Shielding is necessary in some cases to overcome this electromagnetic interference. The shielding design for a substation is presented in this paper, which is based on the calculation of magnetic field and shielding effectiveness. As a result, the best shielding effectiveness can reach 98.3%, and the value of the magnetic field in the location of the sensitive devices can be reduced to meet the demand of the electromagnetic environment.
According to IEC 61000-4-8(1993) [1] , the power frequency magnetic field environment is divided into five levels, which are 1, 3, 10, 30, 100 A/m. Different device is able to endure different level of magnetic field environment. CRT (Cathode-ray tube) displaying devices may be the most sensitive devices to the power frequency magnetic field. They can't normally display, e.g., the dithering of the screen, when the background magnetic field intensity reaches 1.5 A/m. Generally, if such sensitive devices just locate above underground substation with large capacity, they will be interfered by the high magnetic field.
To solve this electromagnetic interference problem, the magnetic shielding technique can be employed. Two kinds of shielding approaches to shielding the field of underground substation are analyzed in this paper. The first is laying a plate with high permeability or high conductivity on the floorboard of the up floor or as the ceil of the substation. The other is installing shells with high permeability or high conductivity around bus bars and cables. By calculating the shielding effect of these two approaches with different size, different material, and different position, the best shielding design is found. Considering the engineering practice, the second approach is further modified in structure.
MODEL OF THE SUBSTATION AND THE CARED REGION
A typical underground substation (as shown in Fig. 1 ) includes transformers, middle-voltage (MV) supply cables and bus bars, low-voltage (LV) distribution cables and bus bars, etc. Transformers are usually equipped by ferrite shell, so that they are not considered as the interference sources. Additionally, since the current of MV cables and bus bars is lower than that of LV cables and bus bars, MV cables and bus bars are not considered as the interference sources either. Consequently, only the LV distribution bus bars and cables are regarded as the critical sources in indoor MV/LV substation, with respect to the magnetic interference at power frequency.
In the substation considered in the paper there are 24 transformers distributing on the floor. Since they are located by making a couple as a group, only the bus bars and cables relative to a couple of transformers are considered in the calculation of the magnetic field and the design of the shielding. A group of bus bars and cables as well as the cared region where the sensitive devices are located are shown in Fig. 2 , in which the cables are in the direction of Y axis and located on the floor. The rated current in the bus bar is 3000 A.
The LV bus bars and the cables are of four conductors, which are phase ABC and the natural line. The four bus bars from the transformer to the low voltage switch cabinet can be arranged compactly in two modes, parallel or perpendicular to the floorboard of the substation. The four core-lines of cable from low voltage switch cabinet to the load are equally arranged in cables, i.e., they are located on the vertices of a square.
In the calculation model shown in Fig. 2 , L1 to L5 are respectively 2300, 4899, 1000, 200, 2000, and 200 mm. The distance between two transformers in one couple is 108.9 mm, and that between low voltage switch cabinet and the load is 6800 mm. The center of bus bars is 6 mm to the floor, both for parallel and perpendicular modes. The center of cables is 20.67 mm to the floor, and the diameter of the square, on whose vertices the cables are located, is 35.91 mm.
The cared region is the up floor of the substation, which is the 2008 Olympic Games television program broadcast center. In the calculation, the plane on which the magnetic field is considered is of 5.1 m to the substation floor.
CALCULATION OF THE INTERFERENCE MAGNETIC FIELD
The interfering sources are the LV bus bars and cables. The magnetic field in the cared region can be calculated by the Biot-Savart's Law, which is as follows:
where I i is the current in line segment i of the bus bars and cables, and N is the total number of the line segments of bus bars and cables.
It is not difficult to calculate the field by (1). However, since the current in a phase is varying in sine model, and the phases are different in phase lines, the magnetic field at a position are varying and the location of the maximum value of the magnetic field is also varying. Therefore, the field at different time must be calculated to find the maximum value.
Usually, when the power system operates in symmetrical model, i.e., the magnitude of the currents in three phases is the same and the current in the natural line is zero, the interference magnetic field is less than that in the asymmetrical operations. Considering the symmetrical and asymmetrical operations, in the calculation the currents in three kinds of operations are taken into account, which are listed in Table 1 . On the other hand, to get the maximum value of the interference magnetic field in the cared region, the position order of the cable phase lines and the bus bar phase line must be set properly, since the total field is the vector sun of those produced by every phase line. Otherwise, the maximum value may not be obtained.
Based on the structure data and the calculation approaches described above, the maximum interference magnetic field in the cared region is calculated, and the results are listed in Table 2 . From the results in Table 2 we can see that the interference magnetic field caused only by the cables in symmetrical operation is even larger than that in 20% and 100% asymmetrical operation. The reason is that the purpose is to get maximum value of the total field produced by cables and bus bars, but not that produced only by the cables. At the time when the field produced only by the cables arrives maximum value, the total field does not arrives its maximum value. The magnitude distribution of the total field in the cared region in symmetrical operation is shown in Fig. 3 . The magnetic field caused by the cables are smaller than that by the bus bars, since the cables are further away from the cared region than the bus bars. The magnetic field caused by bus bars in parallel mode are smaller than that in perpendicular mode. Whatever in any case, the interference magnetic field is much higher than the value of environment level one and two. Therefore, the shielding must be employed. To design the shielding, the field caused by only bus bars in perpendicular mode in 100% asymmetrical mode is taken into account as a sample.
DESIGN OF SHIELDING SCHEMES
There are two schemes employed in the practice engineering to shield the power frequency magnetic field [2, 3] . The first is laying a plate with high permeability or high conductivity on the floorboard of the up floor or as the ceil of the substation. The other is installing shells with high permeability or high conductivity around bus bars and cables, as shown in Fig. 4 . A square shell is adopted in the analysis below. The material of the shielding plate or shielding shell is as follows: aluminum with conductivity of 3.8E7 S/m and relative permeability of 1, steel with 1.026E7 S/m and 2000, and a fictitious material with conductivity of null and relative permeability of 10000, which is denoted to material 3 in the following.
To analyze the shielding effect, the magnetic field with and without the shielding should be calculated and compared. The shielding effect is defined as follows:
where B max N and B max Y are the maximum flux density in the cared region without and with the shielding.
With the dimensions shown in Fig. 4 , we take two-dimensional model for the calculation of the field. The cared region is represented by a cared line as shown in Fig. 4 . The calculation of the magnetic field with the shielding is conducted by Ansoft (a commercial electromagnetic analysis software). The maximum values of the interference magnetic field and the shielding effects on the cared line are listed in Table 3 and Table 4 with different size of shielding frames respectively. The magnetic flux density distribution along the cared line without and with plate and shell shielding is shown in Fig. 5 . According to results listed in Table 3 and Table 4 , we can see that the shielding effect is enormous. Considering the weight of the material and the shielding effect, the optimal design is setting a steel shielding shell with L1=0.02 m and D1=2 mm, by which the shielding effect is 98.3%, and the maximum magnetic flux density in the cared line is reduced to 0.13 µT. Obviously, the environment of the magnetic field can be managed to reach level 1, and the CRT devices can normally display.
FURTHER CONSIDERATION TO THE SHIELDING SHELL
The optimal shielding scheme is the closed square shell shaped by welding. However, considering the engineering practice, it is not easy to weld the shell and make the shell close properly. Suppose the shell is not welded and an aperture exists. To check the shielding effect of such kind shell, the model with an aperture on the bottom corner as shown in Fig. 6 is calculated.
With L3 = 10 mm, and the other parameters are the same as those in the optimal shielding shell described above, the shielding effect is calculated in three different shielding materials. Maximum flux density and the shielding effect is 1.78 µT 76.2%, 0.37 µT 95.1%, 0.41 µT 94.5% in the cared line with aluminum, steel and Material 3 respectively. Fig. 7 gives the magnetic force lines when the steel shielding shell with an aperture is used. The distribution of the magnetic flux density along the cared line is shown in Fig. 8 . With this structure, the shielding shell is easier to be put into practice, and the shielding effect is also enormous. 6. CONCLUSIONS
1. Generally, the interference of power frequency magnetic field with generic electrical devices can be neglected. However, the interference with the CRT displayers is remarkable. 2. When the sensitive devices such as CRT displayers are located on the over ground of the underground MV/LV substation, this interference effect is very serious, and the magnetic shielding measures must be adopted. 3. Comparing the effect of the shielding plate and the shielding shell with different materials, the ideal shielding scheme in engineering is steel shell, whose shielding effectiveness can react to 98%, and the maximum magnetic flux density in the cared region can be limited to 0.2 µT, which is much less than the value of magnetic environment level 1. 4. Considering the engineering practice, the shielding shell may not be welded, and on the bottom of which a small aperture can exist. With this structure the shielding effect can still reach to 95%.
